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Abstract 
Free folic acid is believed to enter some cells by folate receptor-mediated endocytosis at membrane invaginations termed caveolae. 
Folate conjugated macromolecules also enter cells by folate receptor-mediated endocytosis, but their site of entry has never been 
conclusively identified. In this paper, we show that internalization of folate-macromolecule conjugates by receptor-bearing KB cells can 
be blocked by agents that specifically inhibit caveolae assembly or internalization such as nystatin and phorbol-12-myristate c tate 
(PMA). To characterize the intracellular conditions to which the macromolecule-folate conjugates are subsequently exposed, we have 
measured the pH of the major compartments of the folate endocytosis pathway, pH values of individual endosomal compartments in KB 
cells were determined by dual-excitation laser-scanning confocal microscopy, where the fluorescence ratio of folate-DM-NERF-dextran 
(pH-sensitive) and Texas Red-dextran (pH-insensitive) was used to calculate pH. These studies revealed that the pH of folate 
conjugate-containing e dosomes commonly varies between 4.7 and 5.8, with the pH in some endosomes a  low as 4.3. The most frequent 
pH value in these compartments was ~ 5.0. 
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1. Introduction 
The membrane folate binding protein, also known as 
the folate receptor, is a glycosylphosphatidylinositol- 
anchored glycoprotein with high affinity for folic acid (K D 
'~ 10 -9 M) [1-3]. Because of its overexpression i many 
cancer cells, the folate receptor has been frequently identi- 
fied as a tumor marker [4-7]. More recently, the discovery 
that folate can be conjugated to macromolecules without 
compromising its affinity for the folate receptor [8-12] has 
allowed the targeting of toxins and nucleic acids to tumor 
cells [8,10]. Upon binding to the folate receptor, the conju- 
gated macromolecule is carried nondestructively into the 
cancer cell by receptor-mediated endocytosis [8]. 
In contrast to hormone receptors that enter cells at 
clathrin-coated pits, folate receptors are thought o assem- 
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ble in cell surface invaginations termed caveolae [1]. Un- 
fortunately, the fate of ligands entering cells at these latter 
sites is not well characterized, but the appearance of 
folate-colloidal gold conjugates equentially in caveolae 
and such intracellular compartments as primary endo- 
somes, multivesicular bodies, and vesicular-tubular struc- 
tures [13] suggests many common endomembrane com- 
partments may be traversed. Since very few conjugates are 
deposited in lysosomes [13], it is not surprising that 
folate-derivatized macromolecules are stable for many 
hours following internalization by receptor-bearing cells 
[8,9]. 
In this paper, we examine the role of caveolae in 
folate-conjugate endocytosis and measure the pH charac- 
teristics of individual intracellular compartments contain- 
ing endocytosed folate conjugates. We observe a wide 
range of pH values within the folate-containing endosomes 
and report an average pH near 5, i.e. similar to that 
exhibited in coated-pit initiated pathways. 
2. Materials and methods 
Folic acid, bovine serum albumin (BSA), fluorescein 
isothiocyanate (FITC), nystatin, phorbol-12-myristate ac- 
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etate (PMA), and non-enzymatic cell-dislodging solution 
were purchased from Sigma Chemical Company (St. Louis, 
MO, USA). Lysine-fixable dextrans labeled with either 
DM-NERF or Texas Red (mol. wt. ~ 10 000) and contain- 
ing free amino groups were purchased from Molecular 
Probes (Eugene, OR, USA). 
Perkin Elmer MPF-44A fluorescence spectrophotometer 
and cellular protein content was determined using a BCA 
protein assay kit (Pierce). Numbers of molecules taken up 
per cell were calculated from a standard curve of labeled 
folate conjugate concentration versus fluorescence in the 
above lysis medium. 
2.1. Cell lines 
KB cell, a human nasopharyngeal epidermal carcinoma 
cell line was kindly provided by the Purdue Cancer Center. 
Both cell lines were cultured at 37°C in a humidified 
atmosphere containing 5% CO 2 in folate-free Dulbecco's 
modified Eagle's medium supplemented with 10% heat-in- 
activated fetal bovine serum. Because of the high folate 
content of fetal calf serum, the net folate concentration i
the growth medium is near the physiological level for 
human tissues. 
2.4. Inhibition of folate conjugate internalization by per- 
turbants of caveolae structure/function 
KB cells in 35 mm dishes (~ 80% confluent) were 
incubated with 100 ~g/ml  nystatin or 1 [xM PMA in 1 ml 
culture medium for 30 rain at 37°C and then treated with 
50 ptg/ml folate conjugated fluorescent probes. At differ- 
ent time points, cells were washed 3 times with l ml acidic 
saline (150 mM NaC1, pH adjusted to 3.0 with acetic acid) 
to remove surface bound folate conjugates and the quantity 
of internalized probe was determined as described above. 
2.2. Synthesis of folate-conjugated fluorescence-labeled 
BSA and dextrans 
2.5. Determination of indi~'idual endosomal pH using 
laser-scanning confocal microscopy 
To prepare an activated ester of folic acid, 25 mg 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide was a ded 
to 10 mg folic acid in 500 ~1 PBS (136.9 mM NaCI, 2.68 
mM KC1, 8.1 mM Na2HPO4, 1.47 mM KH2PO 4, pH 7.4). 
Following 5 min incubation at room temperature with 
stirring, the solution was added under stirring to either 150 
mg BSA in 3 ml PBS, or 1 mg DM-NERF- or Texas 
Red-labeled extran in 1 ml PBS. After 2 h further incuba- 
tion with stirring at room temperature, the reaction mixture 
was adjusted to pH 9 and promptly passed through a 
PD-10 desalting column (Bio-Rad Laboratories, Hercules, 
California/USA) equilibrated in PBS to remove remaining 
reactants and by-products. The alkalization of the reaction 
mixture was found to be necessary for the complete sepa- 
ration of free folate from the folate conjugate during 
gel-filtration. On average, 3 folates per BSA molecule and 
1 folate per dextran molecule were attached using the 
above protocol. To further label the folate-BSA conjugate 
with fluorescein, 8 molar equivalents of FITC were dis- 
solved in a small volume of DMSO and added to the 
folate-BSA conjugate in PBS. The mixture was adjusted to 
pH 8.5, and after 2 h incubation at room temperature, 
unreacted FITC was removed from the product (folate- 
BSA-FITC) by gel filtration, as described above. Approxi- 
mately 5 fluoresceins were linked to each BSA molecule. 
2.3. Quantitation of uptake of folate conjugates by recep- 
tor-bearing cells 
KB cells in 35 mm dishes (~ 80% confluent) were 
incubated with 50 Ixg/ml folate-conjugated fluorescent 
probes in 1 ml culture medium at 37°C for various lengths 
of time, washed 3 times with PBS and lysed in 1% Triton 
X-100. Cell-associated fluorescence was measured in a 
2.5.1. Principles of measurement 
When the absorption spectrum of a fluorescent probe is 
sensitive to changes in pH, the excitation ratio at two 
non-isosbestic wavelengths can be used to determine its 
environmental pH. Protonation of endocytosed fluorescein 
at acidic pH was therefore xploited for this purpose, using 
the fluorescence xcitation ratio at 495 nm to 450 nm 
(495/450 ratio) to estimate pH in the range of 5 to 8 
[14-25]. 
Despite the simplicity of this method for determining 
average endosomal pH, two deficiencies in the protocol 
promoted us to rely more heavily on an alternative method. 
First, BSA-FITC has a pK a ~ 7 and was not very sensitive 
to pHs less than 6. Second, since FITC excitation effi- 
ciency increases dramatically from pH 5 to pH 7.4, signals 
from less acidic endosomes tended to dominate the overall 
fluorescence, leading to an apparent endosomal pH much 
higher than the true pH value. Fortunately, both sampling 
artifacts could be overcome by measuring the fluorescence 
of individual endosomes separately with a dye of pK a near 
the endosomal pH. Although most epifluorescence micro- 
scopes have sufficient lateral resolution to visualize indi- 
vidual endosomes, out of focus fluorescence from adjacent 
compartments in the vertical direction commonly compli- 
cates interpretation of the signal. To eliminate this artifact, 
a laser-scanning confocal imaging system was used in the 
photon-counting mode in combination with DM-NERF, a 
pH-sensitive green-emitting probe with a pK a of 5.5, and 
Texas Red, a pH-insensitive probe emitting red fluores- 
cence. The DM-NERF intensity obtained from the 488 nm 
excitation at each pixel was divided by the Texas Red 
intensity obtained from the 568 nm excitation at the same 
pixel to yield a map of endosomal pH throughout the cell. 
Since an accurate fluorescence ratio cannot be obtained 
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when the pixel value of either probe is near the noise level, 
a masking image was used to eliminate values from the 
DM-NERF/Texas Red ratio image that were derived from 
source image pixels with fluorescence signals below a 
defined threshold (see below). 
2.5.2. Experimental protocol 
KB cells cultured in 35 mm dishes in FDMEM were 
incubated for 2 h at 37°C with a mixture of 50 Ixg/ml 
folate-dextran-DM-NERF and 10 Ixg/ml folate-dextran- 
Texas Red (over 200 times the concentration of serum 
folate) in culture medium. At the end of the incubation 
period, cells were washed 4 times with PBS and examined 
under a Bio-Rad MRC-600 confocal imaging system (Bio- 
Rad, Boston, MA) connected to a Nikon Optiphot epifluo- 
rescence microscope. The excitation light for imaging was 
provided by the 488 nm and 568 nm lines of a krypton- 
argon mixed gas ion laser. A 1% neutral-density filter and 
pinhole diameter setting of 2 mm were also used. Fluores- 
cence signals emitted from DM-NERF (green) and Texas 
Red (red) were separated with a DR560LP dichroic mirror 
combined with 522DF35 band-pass and 585EFLP long-pass 
emission filters and directed into 2 separate photomultipli- 
ers. Two 384-pixel by 512-pixel gray-level images of 
DM-NERF and Texas Red fluorescence were thus col- 
lected using a 60 × objective under the photon-counting 
mode. A pH-calibration curve was generated by imaging 
50 Ixg/ml folate-dextran-DM-NERF/10 I~g/ml folate- 
dextran-Texas Red under identical conditions (Fig. 1). 
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Fig. 2. KB cell uptake of folate-conjugated fluorescent probes. KB cells 
were incubated with 50 Ixg/ml fluorescent probes either unconjugated 
(A), conjugated to folate (B) or conjugated to folate and incubated in the 
presence of 1 mM free folic acid as a competitive inhibitor (C). Cellular 
uptake of the probes was then determined by fluorescence spectroscopy, 
as described in Section 2. The probes were FITC-BSA (open circles); 
DM-NERF-dextran (closed circles); Texas Red-dextran (open triangles). 
Images were analyzed on a Macintosh Ilsi computer 
using the public domain NIH Image program (written by 
Wayne Rasband at the U.S. National Institutes of Health 
and available from the Internet by anonymous ftp from 
zippy.nimh.nih.gov r on floppy disk from NTIS, 5285 
Port Royal Rd., Springfield, VA 22161, part number 
PB93-504868). Briefly, a selected area of the field of view 
was cut out and an even background was subtracted. The 
DM-NERF image was then divided by the Texas Red 
image to obtain a 'raw' ratio image. A binary mask image 
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Fig. 1. pH dependence of DM-NERF/Texas Red fluorescence ratio. 
Folate conjugated DM-NERF-.dextran and Texas Red-dextran were di- 
luted in a broad range buffer (consisting of 120 mM NaC1, l0 mM Na 
citrate, 10 mM 2-(N-morpholiao)ethanesulfonic acid, 10 mM NaHzPO 4) 
to 50 I~g/ml and 10 I~g/ml, respectively, and adjusted to various pH 
values. The samples were then analyzed by confocal microscopy using 
the same protocol involved in assaying endosomal pH values. 
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Fig. 3. Effect of nystatin and PMA on the receptor-mediated internaliza- 
tion of macromolecular fluorescent folate conjugates. KB ceils that were 
untreated (A), pretreated with 100 ~g/ml  nystatin (B), or pretreated with 
1 p.M PMA (C) were incubated at 37°C for various periods of time with 
50 ~g/ml  folate-conjugated fluorescent probes. Cellular uptake was 
determined by fluorescence spectroscopy following removal of externally 
bound probes by acid saline wash, as described in Section 2. The probes 
were folate-conjugated FITC-BSA (open circles); DM-NERF-dextran 
(solid circles) and Texas Red-dextran (open triangles). 
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was then generated by multiplying the thresholded images 
of DM-NERF and Texas Red (using a threshold setting of 
10% maximum pixel intensity). This mask image was used 
to define the pixel locations where signals from both 
probes exceeded the noise level. This mask image was 
then multiplied by the 'raw' ratio image to generate a 
masked ratio image. 
3. Results 
uptake of folate-conjugated fluorescent probes by cultured 
KB cells was monitored by fluorescence spectroscopy. As 
shown in Fig. 2, by 1 h incubation at 37°C, approximately 
10 7 folate conjugates were taken up per cell, regardless of 
the nature of the fluorescent probes. The uptake was 
reduced to the level of unconjugated probes when the 
incubation was conducted in the presence of 1 mM free 
folic acid. This demonstrates that the cellular uptake of the 
folate conjugates employed in this study was mostly medi- 
ated by the folate receptor. 
3.1. Uptake of folate conjugates by receptor-bearing tumor 
cells 
3.2. The role of  caveolae in folate conjugate internaliza- 
tion 
Previous studies from our lab have demonstrated that 
folate-conjugated proteins can enter cells via the folate 
receptor [11]. In this study, the time-dependent cellular 
To document that folate conjugates enter cells via cave- 
olae and not coated pits, we have examined the effects of 
two caveolae perturbing agents on this uptake method. It 
Fig. 4. Confocal images of KB cells treated with folate-DM-NERF-dextran/folate-Texas R d-dextran. Images of KB cells were obtained at two excitation 
wavelengths, processed using the NIH-image program (see Section 2), and printed on a CODONICS NP-1600 Photographic Network sublimation Printer. 
Panel A, confocal image of Texas Red fluorescence (scale bar = 15 txm); panel B, image of DM-NERF fluorescence; panel C, mask image generated as
described in Section 2; panel D; DM-NERF/Texas Red ratio image. 
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has previously been shown that cholesterol-binding drugs 
such as fillipin or nystatin can specifically cause the 
unclustering of folate receptors and the disassembly of 
caveolae, i.e. their site of endocytosis into the cell [26-28]. 
PMA, a protein kinase C activator, has also been found to 
inhibit the internalization of folate analogs at caveolae 
even though it has no effect on endocytosis at coated pits 
[29]. To test whether the folate conjugates in this study are 
internalized at caveolae, we determined their uptake by KB 
cells following incubation of the cells with either 100 
p~g/ml nystatin or 1 IxM PMA. As shown in Fig. 3, the 
internalization of folate-conjugates was reduced > 90% by 
the presence of either nystatin or PMA. This result sug- 
gests that caveolae play an important role in the receptor- 
mediated endocytosis of folate conjugates. 
3.3. Endosomal pH-determination by confocal microscopy 
Four confocal images of the same field of KB cells 
treated with folate conjugates of DM-NERF-dextran/Texas 
Red-dextran are shown in Fig. 4. Since Texas Red fluores- 
cence is pH-insensitive, the panel showing the Texas Red 
image (panel A) reports primarily the intracellular distribu- 
tion of the fluorescence probes. In contrast, he DM-NERF 
image, due to its pH sensitivity, is not proportional to 
probe concentration. I stead, its intensity inside the cell is 
comparatively weaker than its intensity on the cell surface 
(panel B), suggesting that compartmental pH within the 
cell is lower than in the growth medium. The ratio image 
(panel D), generated by dividing the DM-NERF image by 
the Texas Red image, allows for quantitation of these pH 
differences. Together with the use of a mask image (panel 
C) produced by multiplying thresholded DM-NERF and 
Texas Red images to ensure that only pixels with fluores- 
cence well above the noise level are employed, a pH map 
(panel D) of individual endosomes was obtained. 
To quantify the pH distribution in endosomal compart- 
ments, 99 non-overlapping areas (defined by 10-pixel di- 
ameter circles each enclosing 1 or 2 endosomes) were 
separately evaluated for DM-NERF and Texas Red inten- 
sity, and then DM-NERF/Texas Red ratios were calcu- 
lated for each region. A histogram of these microscopic pH 
measurements is shown in Fig. 5. Most endosomes had pH 
values between 4.7 and 5.8, although some had values as 
low as 4.3. The most frequent compartmental pH encoun- 
tered was ~ pH 5.0. 
The total intracellular and surface-bound fluorescence 
of the folate-dextran conjugates was determined by inte- 
grating the entire cytoplasmic and plasma membrane re- 
gions of each of the four cells in both the DM-NERF and 
Texas Red images (Fig. 4). The results from the Texas Red 
image indicate that 55 + 8 percent of the probes were 
internalized, while 45_  8 percent remained on the cell 
surface. Surface fluorescence was readily released by 
briefly washing at pH 3 (data not shown). 
The pH value calculated from the DM-NERF/Texas 
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Fig. 5. Histogram of KB cell compartmental pH values. The histogram 
represents pH values calculated by ratioing 99 endosomal areas in the 
DM-NERF and Texas Red images hown in Fig. 4, as described in
Section 2. 
Red fluorescence ratios of the entire cytoplasm in the same 
four cells in Fig. 4 was 5.75 +0.15. The discrepancy 
between this value and the values shown in the histogram 
of pHs in individual endosomes (Fig. 5) is caused by the 
disproportionate weighting of high pH endosomes when 
the total intracellular fluorescence of the two dyes is used 
for the calculation (see Methods). A similar discrepancy 
was obtained when the total intracellular fluorescence of 
endocytosed folate-BSA-FITC was used to estimate pH, 
only in this case, because of its more severe quenching in 
the low pH endosomes, the weighting artifact was exagger- 
ated (average pH ~ 5.9; data not shown). 
4. Discussion 
Endosome acidification has been well documented in
the classical clathrin-coated pit endocytosis pathway. Folic 
acid, however, has been shown to bind to a receptor that 
internalizes at distinct membrane invaginations termed 
caveolae [1]. Thus, the pH changes that folate experiences 
as it follows its intracellular processing route were previ- 
ously unknown. Since recent work has demonstrated that 
folate-macromolecule conjugates bind and enter cells via 
folate receptors [8-12], we decided to label such conju- 
gates with pH-sensitive fluorescent dyes and examine the 
compartmental pHs after conjugate ndocytosis. In this 
study, we confirmed the role of caveolae in folate conju- 
gate endocytosis by demonstrating > 90% inhibition of 
conjugate internalization by nystatin or pma, i.e. agents 
that inhibit caveolae assembly without significantly alter- 
ing uptake at coated pits. Our results further reveal that 
folate conjugates are also processed in acidic intracellular 
organelles. Since colloidal gold conjugates of folate and 
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transferrin, i.e. ligands that enter cells at caveolae and 
coated pits, respectively, have been seen to converge at a 
common multivesicular body [13], some degree of similar- 
ity in the two pathways' pH properties is perhaps not 
surprising. 
pH values of individual endosomal compartments in KB 
cells were determined by dual-excitation laser-scanning 
confocal microscopy, where the fluorescence ratio of fo- 
late-dextran-DM-NERF and folate-dextran-Texas Red was 
used to calculate pH. These studies revealed that different 
endosomes have very different pHs, ranging from 4.3 to 
6.9, while the average pH was near 5.0. Had we calculated 
average pH based on the total cellular fluorescence of the 
pH-sensitive fluorophores, we would have weighted more 
alkaline endosomes disproportionately high because the 
probes are more fluorescent at alkaline rather than acidic 
pH. This sampling artifact is inherent in any pH detection 
method that averages the pH of a population of compart- 
ments having different pH values. 
Virtually all methods of compartmental pH determina- 
tion have their specific limitations. The confocal micro- 
scope method could also report inaccurate values if the 
quantities of the two folate-dextran conjugates in the indi- 
vidual endosomes were somehow different. However, we 
believe any error arising from this potential artifact is 
minor, since (i) approximately 700 folate receptors endocy- 
tose at each caveola [1] allowing for large numbers of 
folate conjugates to enter the same endosome, (ii) the 
masking protocol selectively deletes compartments con- 
taining a low number of fluorescent probes, and (iii) cells 
were found to display no preference for either folate-de- 
xtran conjugate (Fig. 2). Thus, entropic factors should 
operate strongly against enrichment of either dextran-folate 
conjugate in any individual compartment. 
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